cies-specific telomere length regulation (Zhu et al., ure 1D). Of note, both RTEL and NHL contain a conserved eight-amino acid PIP-box motif near the carboxy 1998).
terminus that is commonly found in proteins capable of Among the candidate genes in this region, we identiinteracting with proliferating cell nuclear antigen (PCNA) fied the mouse homolog of the human novel helicase- (Warbrick, 2000) . The protein encoded by the most comlike (NHL) gene (Bai et al., 2000) . In order to study a mon splice variant in M. spretus (AY481613) is lacking possible role of this gene in telomere length regulation, six amino acids (AHFSKP) that are also absent in the we decided to first study one of the two most similar human NHL protein. As a result, this splice variant congenes in C. elegans, the dog-1 gene, for which a null tains a predicted CK1 phosphorylation site ( Figure 1D ), the expression of RTEL ences between the two species were observed in ‫5.1ف‬ relative to PCNA was also examined (Figures 2D-2H ). kb of putative Rtel promoter sequences upstream of PCNA was expressed at variable levels in most ES cells the first Rtel exon and Rtel transcript levels in different ( Figure 2D ). While, in cells that expressed both PCNA tissues varied in parallel (data not shown). Analysis of and the transgene, the nuclear staining pattern apcDNA clones from M. musculus, M. spretus, and F1 cells peared very similar, only a minority of the small nuclear showed several splice variants involving the last four foci appeared to directly overlap ( Figure 2H ). Staining exons of the Rtel gene ( Figure 1C and dotted box in of replication foci using anti-BrdU yielded similar results, Figure 1A ). Whereas full-length M. musculus Rtel tranand epitope-tagged RTEL did not significantly colocalscripts were readily obtained, most (Ͼ90%) M. spretus ize with either telomeric DNA or antibodies specific for Rtel transcripts were missing 18 or more bp at the telomere binding proteins (data not shown). C terminus ( Figure 1C restricted to the nucleus in numerous foci that appear spretus (see Supplemental Figure S1 at http://www.cell. similar but overlap only partially with replication foci com/cgi/content/full/117/7/873/DC1). Both proteins are containing PCNA. highly homologous (Ͼ98% aa identity) to each other and 74% identical to the human NHL protein (Bai et al., 2000) . geting vector with a splice acceptor (SA)-IRES-␤geo-pA shown). They were absent from E11.5 onward and cassette was used to replace exons 7-9, which encode among the newborn of intercrosses of heterozygous residues 180-255, comprising the second DNA helicase 129S1 or outbred mutant mice (data not shown), indicatdomain, in order to disrupt Rtel transcription 3Ј to the ing that loss of Rtel function leads to embryonic lethality. start of exon 7 ( Figure 3A) . Correct homologous recomRtel Ϫ/Ϫ embryos at E8.5-E10.5 showed progressive abbination in R1 ES cells was confirmed by Southern blot normalities in various tissues, particularly in rapidly proanalysis ( Figures 3B and 3C) . Two independent ES liferating tissues such as the nervous system, the heart, clones were used to produce germline-transmitting chithe vasculature, and extraembryonic tissues. Subcutameras that were bred with 129S1 females to produce neous hematomas were found at various sites in the mutant mice.
Generation of a Null Mutation of Rtel
body and limbs at E10.5 and could underpin the embryLacZ transgene expression in Rtel ϩ/Ϫ embryos (data onic lethality. A detailed characterization of the growth not shown) corresponded accurately to the expression abnormalities in Rtel Ϫ/Ϫ embryo is provided in Supplepattern established by in situ hybridization (Supplemenmental Data. tal Figure S2 ). Rtel mRNA was absent by Northern blot hybridization in homozygous mutants ( Figure 3E) ES cells were found to grow relatively normal, be it with to-end fusions (arrows) and ends without detectable telomere signal (bars), the chromosomal abnormalities shortened telomeres, but showed genetic instability and defective growth upon differentiation in vitro. Crosses that were observed included clusters of chromosomes joined at sites containing telomeric DNA (Figure 5E ), between Rtel ϩ/Ϫ mice and M. spretus revealed that Rtel from the M. musculus parent is required for elongation various types of broken chromosomes and chromosome fragments (asterisks in Figures 5A, 5B, 5D, 5F , of telomeres in M. spretus-derived chromosomes. We conclude that Rtel is a dominant regulator of murine and 5H-5J), and chromatid gaps ( Figure 5G ). At later time points, the most abundant cytogenetic abnormalitelomere length. ties were end-to-end fusions characterized by a lack of detectable telomere repeats at the junction site ( 
